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ABSTRACT
We report the results of detailed Monte Carlo simulations of the performance ex-
pected both at balloon altitudes and at the probable satellite orbit of a hard X-ray
coded-aperture camera being developed for the MIRAX mission. Based on a thorough
mass model of the instrument and detailed specifications of the spectra and angular
dependence of the various relevant radiation fields at both the stratospheric and or-
bital environments, we have used the well-known package GEANT4 to simulate the
instrumental background of the camera. We also show simulated images of source
fields to be observed and calculated the detailed sensitivity of the instrument in both
situations. The results reported here are especially important to researchers in this
field considering that we provide important information, not easily found in the liter-
ature, on how to prepare input files and calculate crucial instrumental parameters to
perform GEANT4 simulations for high-energy astrophysics space experiments.
Key words: instrumentation: detectors – methods: numerical – atmospheric effects
– balloons - space vehicles: instruments – techniques: image processing
1 INTRODUCTION
Estimation of the energy spectrum of the background sig-
nal and its spatial distribution over the detector plane is
crucial for the design of hard X-ray and gamma-ray astron-
omy telescopes. In the case of an observation of a point
source from an orbital space platform (i.e. a satellite), the
background consists in the diffuse electromagnetic radiation
coming through the telescope aperture, emission from other
sources in the field of view (FoV) and the instrumental back-
ground, which arises from interaction of high-energy parti-
cles with the detectors and surrounding material. In the case
of observations carried out at stratospheric balloon altitudes,
we also need to take into account the atmospheric radiation
produced by the interaction of cosmic particles with atmo-
spheric constituents, which will generate secondary particles
and photons. In any case, the observations of cosmic X- and
gamma-ray sources are always hindered by intense and com-
plex background radiation measured by the detector system.
In this paper we consider the contribution of photons, pro-
tons, electrons and neutrons to the total background of a
hard X-ray coded-aperture imaging camera to be mounted
? E-mail: manuel.castro@inpe.br
first in a balloon platform and later in a satellite bus at
near-equatorial Low-Earth Orbit (LEO).
In order to estimate the background, it is important to
have an accurate knowledge of its origin. To achieve this, one
needs to include detailed descriptions of the energy spectra
and angular distribution of the particle fields that surround
the instrument. In this work we describe the procedures we
used in order to model the background of a hard X-ray imag-
ing camera being developed at the National Institute for
Space Research (INPE), Brazil, in the context of the MI-
RAX (Monitor e Imageador de RAios X) space astronomy
mission (Braga et al. 2004; Braga 2006).
Since the instrument is supposed to fly on-board strato-
spheric balloons over Brazil, at an altitude of ∼ 42 km and
a latitude of ∼ −23◦ S, and as part of a satellite experi-
ment in a near-equatorial circular LEO, we have included
both environments in our simulations. We have developed a
detailed mass model of the camera and simulated all the in-
teractions in the instrument components and materials using
the GEANT4 (GEometry ANd Tracking) code developed at
CERN (Agostinelli et al. 2003). The results of these simu-
lations have allowed us to estimate with good precision the
spectral response of the CdZnTe (CZT) detectors of the cam-
era and the spatial distribution of counts over the detector
plane. Also, by running simulations with different configu-
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rations and analyzing the results, we were able to improve
the passive shielding configuration of the camera in order to
minimize the leakage of fluorescence radiation in the shield
and achieve a near uniform distribution of the background
over the detector plane. This is extremely important for the
quality of the reconstructed coded mask images.
The balloon version of the instrument is called protoMI-
RAX (Braga et al. 2015) and will be launched for the first
time from Cachoeira Paulista, SP, Brazil, in late 2016 for a
∼ 24-hour flight. The balloon flight will test several MIRAX
subsystems in a near-space environment and will carry out
imaging demonstrations of the camera by observing bright
X-ray sources.
This paper is organized as follows: In section 2 we de-
scribe the X-ray camera and present the mass model that
we have developed to represent it in the simulations. In sec-
tion 3 we describe the different particle and photon spectra,
as well as their angular dependence, that we have used as
inputs to the simulations of the various components of the
background in both the high atmospheric and space environ-
ments. In section 4 we show the results of the simulations in
terms of detector spectral response and the spatial distribu-
tion of counts over the detector plane. In section 5 we present
the results of imaging reconstruction using simulated obser-
vations of the Crab nebula and the Galactic Centre (GC)
regions. Finally, in section 8 we discuss the results obtained
and present our conclusions.
2 THE X-RAY CAMERA
2.1 Description
The protoMIRAX balloon experiment consists of a wide-
field coded-mask hard X-ray camera operating in a strato-
spheric balloon platform (gondola), together with auxiliary
instrumentation. The experiment is described in detail by
Braga et al. (2015). For MIRAX , it is envisaged that a space-
qualified version of the same camera will operate in a satel-
lite platform. Even though MIRAX is an approved concept
instrument for the Brazilian space program, the satellite bus
that will carry MIRAX instruments are not yet fully defined.
The X-ray camera consists essentially of a coded mask,
a passive shielding system surrounding the detectors, a col-
limator and a detector plane. The coded-mask is based on a
Modified Uniformly Redundant Array (MURA) 13×13 basic
pattern (Gottesman & Fenimore 1989), extended to 25×25
elements, placed 650 mm away from the detection plane and
supported by an acrylic frame. The mask elements are made
of 1.0mm-thick lead, 1.5mm-thick tin and 0.5mm-thick cop-
per, each element having an area of 20×20 mm2. This will
provide a ∼ 20◦×20◦ fully-coded field of view (FoV), with an
angular resolution of∼ 1◦45′. The detection plane consists of
an array of 13×13 CZT (Cadmium Zinc Telluride) crystals of
dimensions 10×10×2 mm with a gap of 10 mm between two
consecutive crystals. The energy range is from 10 to 200 keV,
although for the balloon version we will start from 30 keV
due to the high atmospheric absorption below these energies.
The full detection area is thus 169 cm2. The collimator is a
grid of crossed walls, 81 mm high, made of lead, tin and
copper layers in a configuration Cu(0.2 mm)-Sn(1.0 mm)-
Pb(0.5 mm)-Sn(1.0 mm)-Cu(0.2 mm). There is one detector
at the bottom of each collimator cell, so that the centres
of contiguous collimator blades are 20 mm apart. The colli-
mator was designed to minimize background and define the
total FoV to match exactly the fully coded FoV defined by
the mask. This concept has the advantage of having zero
partially coded FoV, but, on the other hand, the instrument
sensitivity falls off with the collimator response towards the
edges of the FoV. With these parameters, as explained in
Braga et al. (2015), the total, fully-coded FoV of 20◦ × 20◦
has a 7◦ × 7◦ region of full sensitivity and 14◦ × 14◦ full
width at half maximum (FWHM).
2.2 The mass model
In order to run the Monte Carlo simulations using GEANT4,
we need to have photons and particles coming from random
directions and energies interact with the instrument, accord-
ing to pre-defined spectral and angular distributions. There-
fore, we need to build a detailed description of the overall
geometry of the experiment and the material constituents of
each part. We also have to define the geometric shape of each
single piece, their dimensions, the materials they are made of
and the relative position and orientation with respect to the
other parts. The code then simulates all the interactions of
the primary and secondary particles with the different parts
of the experiment before reaching the detectors. At the end
of a simulation run, we have information on how many par-
ticles of each kind reach each of the detectors, and on the
energy deposited by each particle. With this information we
can build the event distribution over the detector plane for
each energy range of interest. By considering the most im-
portant radiation fields present in the environments at which
the experiment will be operating, we can calculate the con-
tribution of each component to the total background to be
measured by the experiment. Furthermore, we can include
hard X-ray photons from cosmic sources of interest to build
simulated shadowgrams of selected source fields and then
produce simulated images of astrophysical regions. In Fig-
ure 1 we show the mass model of the hard X-ray camera as
implemented in GEANT4.
3 ENVIRONMENTS AND FIELDS
3.1 The balloon environment
At the stratospheric environment at which the balloon flights
will be carried out (altitude ∼ 42 km, latitude ∼ −23◦), we
have included in the simulations the main radiation fields:
atmospheric γ-ray photons, electrons, atmospheric neutrons,
and primary and secondary protons. The atmospheric γ-ray
emission contribution has a dependence on the zenith angle
z, so we have simulated each component separately accord-
ing to the different incident angular ranges with respect to
the zenith (Gehrels 1985) (see Table 1):
The electron spectrum in the energy range 1 - 10 MeV
at an atmospheric depth of 5 g cm−2 can be modeled with a
single power-law (Gehrels 1985):
dN
dE
= 1.4× 10−2 E−1.8 electrons cm−2s−1sr−1MeV−1
(1)
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Figure 1. Mass model of the X-ray camera as mounted in
GEANT4.
Table 1. Atmospheric γ-ray spectrum at an optical depth of 3.5
g cm−2. The power-law spectra are in units of photons cm−2 s−1
sr−1 MeV−1.
Spectrum Energy range (MeV) Angular range (◦)
2.19× 102 E0.70 0.024 - 0.035 0 - 65
5.16× 10−2 E−1.81 0.035 - 10 0 - 65
0.085E−1.66 0.1 - 10 65 - 95
0.14E−1.50 0.1 - 10 95 - 130
0.047E−1.45 0.1 - 10 130 - 180
The proton contribution has two components, primary
and secondary (Dean et al. 2003), depending on the energy
range and whether the protons are part of the galactic cos-
mic rays or result from atmospheric interactions.
The primary proton spectrum, in units of protons cm−2
s−1 MeV−1, is well described by
dN
dE
=
{
1.3× 103 E−2 for 10000 MeV ≤ E ≤ 30 GeV
1.8× 106 E−2.7 for 30 GeV ≤ E ≤ 150 GeV
(2)
whereas for the secondary protons the spectrum is given by
dN
dE
=

1.475× 10−6 E2 for 5 MeV ≤ E ≤ 16 MeV
3.78× 10−4 E0 for 16 MeV ≤ E ≤ 100 MeV
6.43× 10−3 E−0.61 for 100 MeV ≤ E ≤ 300 MeV
1.78E−1.6 for 300 MeV ≤ E ≤ 6.6 GeV
(3)
The neutron background can be represented as follows
(Gehrels 1985):
dN
dE
=
{
0.26E−1.3 for 0.8 ≤ E ≤ 10 MeV
6× 10−2 E−0.65 for 10 ≤ E ≤ 100 MeV (4)
where dN/dE is in units of neutrons cm−2 s−1 MeV−1.
Figure 2 shows the spectra for the different particle
species that were used as input in the protoMIRAX back-
ground simulations.
3.2 The MIRAX Low-Earth near-equatorial orbit
environment
In order to simulate the background for the MIRAX obser-
vations, we have considered the main background sources at
the expected satellite orbit. We exclude the satellite passages
in the South Atlantic Anomaly (SAA), in which the parti-
cle fields are much more intense. We have considered the
cosmic diffuse γ-ray radiation, albedo γ-ray photons, galac-
tic cosmic rays (GCR), trapped protons and neutrons. The
electron contribution is negligible.
The cosmic diffuse γ-ray radiation spectrum between
10 keV and 100 MeV is given by (Gruber et al. 1999):
dN
dE
=

7.877E−1.29e−E/41.43 for E ≤ 60 keV
4.32× 10−4 ( E
60
)−6.5
+
8, 4× 10−3 ( E
60
)−2.58
+
4.8× 10−4 ( E
60
)−2.05
for E ≥ 60 keV
(5)
To simulate the albedo γ-ray photon field, we have used
the spectrum, also between 10 keV and 100 MeV, given by
Ajello et al. (2008) and Sarkar et al. (2011):
dN
dE
=

1.87×10−2
( E33.7 )
−5
+( E33.7 )
1.72 for E ≤ 200 keV
1.01× 10−4 ( E
MeV
)−1.34
for 200 keV ≤ E ≤ 20 MeV
7.29× 10−4 ( E
MeV
)−2
for E ≥ 20 MeV
(6)
The galactic cosmic ray spectrum in the energy range
10 MeV - 20 GeV is well described by Mizuno et al. (2004)
and Sarkar et al. (2011):
dN
dE
= F
(
E
GeV
)−a
exp
(
− E
E1cut
)−a+1
+A
(
E + Zeφ
GeV
)−b
×
(E +Mc2)2 − (Mc2)2
(E +Mc2 + Zeφ)2 − (Mc2)2 ×
1
1 +
(
E
E2cut
)−12 , (7)
where e is the electron charge, M is the particle’s mass, c is
the speed of light, Z is the atomic number, F = 1.23× 10−8
counts cm−2 s−1 sr−1 keV−1, E1cut=5.1×106 keV, a=0.155,
A=2.39×10−6 counts cm−2 s−1 sr−1 keV−1, b=2.83, φ=6.5×
105 kV and E2cut = 1.13× 107 keV.
To simulate the trapped proton contribution from
100 MeV - 6 GeV we have used the following expression
(Mizuno et al. 2004; Sarkar et al. 2011)
dN
dE
= F
(
E
GeV
)−a
exp
(
− E
E1cut
)−a+1
, (8)
with the constant values the same as above.
Finally, the neutron spectrum between 10 keV - 1 GeV
at these altitudes was modeled according to (Armstrong
et al. 1973):
dN
dE
=

9.98× 10−8 ( E
GeV
)−0.5
for 10 keV ≤ E ≤ 1 MeV
3.16× 10−9 ( E
GeV
)−1.0
for 1 MeV ≤ E ≤ 100 MeV
3.16× 10−10 ( E
GeV
)−2.0
for 100 MeV ≤ E ≤ 100 GeV
(9)
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Figure 2. Background sources at balloon altitudes. Top left : γ-ray atmospheric emission. The solid line corresponds to incident photons
with zenith angles between 0◦ and 65◦; dashed to zenith angles between 65◦ and 95◦; dotted between 95◦ and 130◦, and dashed-dotted
to the range 130◦ - 180◦. Top right : electron spectrum. Bottom left : neutron spectrum. Bottom right : proton spectra; solid line refers to
primary protons, dashed line to secondary protons.
For all the equations above (5, 6, 7, 8 and 9), dN/dE is
given in particles cm−2 s−1 sr−1 keV−1.
Figure 3 shows the spectra for the different kinds of
particles in the respective energy ranges.
4 THE SIMULATED BACKGROUND
Using the mass model and the radiation spectra described
above as inputs to GEANT4, we performed simulations to
study in detail the instrumental response of the X-ray cam-
era under the two environments described in the previous
section.
For each radiation field, we have used closely-spaced
data points from the original spectrum to run separate sim-
ulations for each component. GEANT4 runs internal inter-
polation tasks to generate random events following the spec-
tral behaviour of the original spectrum. In order to com-
ply with the GEANT4 specific input procedures, we have
built a model in which the X-ray camera is placed at the
centre of a virtual emission sphere. The emissions from the
spherical surface are then randomly created by the program
both in terms of energy and directions, always pointing to
the internal volume of the sphere. Primary particles com-
ing from space will reach the experiment from any direction
between z = 0 and z = pi/2, where z is the zenith angle,
while secondary particles, generated by the interaction of
primary particles with the atmosphere, can reach the in-
struments from all directions. For protoMIRAX , the atmo-
spheric gamma radiation spectra are generated in spheri-
cal sectors bounded by the incident angle ranges described
above, while the primary protons come from the upper hemi-
sphere and the neutrons, secondary protons and electrons
come equally from all directions. In this case the radius of
the virtual sphere (300 cm) was very large large compared to
the instrument dimensions in order to insure that the ran-
domly generated events in the internal surface of the sphere
would follow closely the angular distribution of the radia-
tion field without introducing significant effects due to the
local geometry. For the MIRAX environment, all the events
hitting the detector are coming from a hemisphere, either
centred on the zenith (diffuse γ-rays and cosmic rays) or the
nadir (the other three fields). The radius of the sphere used
MNRAS 000, 1–13 (2015)
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Figure 3. Spectra of each radiation field present at the MIRAX orbit (outside the SAA), used as input in the GEANT4 simulations of
the background.
in this case (90 cm) did not have to be too large since effects
introduced by the local geometry are not significant.
From the GEANT4 output files we can determine the
deposited energy in each of the detectors by each kind of
interaction chain in the instrument. The output of the sim-
ulations allows us to build a spectrum and a spatial dis-
tribution of events over the detector plane for each of the
radiation fields that interact with the instrument and for
each of the 169 CZT detectors. Those components can then
be added up to represent the total background to be mea-
sured by protoMIRAX and MIRAX . This separation of the
background contributions is extremely useful for the design
of the structure and geometry of the instrument’s passive
shielding. By using the best shielding configuration, we can
homogenise the spatial distribution of counts over the detec-
tor plane and lower the overall background. This is essential
to improve the instrument sensitivity.
4.1 Normalisation
In the simulations using GEANT4, the user specifies the
number N of virtual particles that will be created, either
MNRAS 000, 1–13 (2015)
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Figure 4. Geometry used for the normalisation of GEANT4 sim-
ulations.
coming from random directions or from user-specified di-
rections. In the case of a point source at infinity, like for
instance a stellar X-ray source, the photons come in paral-
lel lines at random positions inside a cylinder that encom-
passes the whole instrument. The lines are all parallel to the
cylinder’s axis. For radiation fields that have angle depen-
dence, the user has to specify a spherical surface from which
the particles will come, as explained in the previous section.
GEANT4 creates virtual particles at random positions in
the surface of the sphere and with random directions, pro-
vided they all point to the inside volume of the sphere. The
program then creates the secondary, tertiary etc. particles
that are produced by all interactions in the instrument mass
model and tracks all their directions. Finally, it computes the
energy losses on the detectors produced by the interactions
of all particles that hit each specific detector’s volume.
One important question that arises is how to relate the
integration time of the simulated observation to the value of
N . In our simulations, we have used the following procedure.
The geometrical scheme is shown in Figure 4. We first note
that the number of particles dN passing through the area
dA within a solid angle dΩ during a time dT in the energy
range dE is dN = IN dAdT dΩ dE, where IN is the specific
intensity of the radiation field in units of particles cm−2
s−1 sr−1 keV−1. We now define an element of area dA in an
arbitrary direction nˆ. The net differential flux from the solid
angle dΩ is given by dFN = IN cos θ dΩ. The net flux is then
obtained integrating dFN over all the solid angles,
FN =
∫
IN cos θ dΩ. (10)
Now, the total number of particles N created in the
sphere (or a spherical sector) to represent this flux will be
N =
∫
IN cos θ dΩ dAdt dE, (11)
with dΩ = dφ sin θdθ, dA = R2 sinαdαdΦ (see Figure 4),
0 ≤ θ ≤ pi/2 and 0 ≤ φ ≤ 2pi. R is the radius of the
sphere and the range of α will depend on the specific spher-
ical sector related to the incident angles of the radiation
field.
We then have
N = pi AT
∫
IN dE, (12)
where A is the geometrical area of the spherical sector and
T is the total integration time. Finally, the integration time
is obtained by
T =
N
piA
∫
IN dE
, (13)
where IN = dN/dE is directly related to the radiation field
spectra of sections 3.1 and 3.2. For the protoMIRAX ex-
periment we have considered an 8-hour integration time in
order to have statistics compatible with what is achieved in
timescales of balloon flights. For the satellite version, each
radiation spectrum (see Figure 2) was considered separately
so as to have good enough statistics for a good estimation
of all background components.
4.2 Background spectra
In Figure 5 we show the simulated spectra produced by the
several radiation components at balloon altitudes. One can
see that the contribution of X-rays from atmospheric ”fast”
neutron interactions in the instrument is very important be-
low ∼50 keV, whereas the contributions of photons, protons
and neutrons are very similar between ∼100 and ∼150 keV.
The atmospheric diffuse gamma radiation is the strongest
component above ∼150 keV. The contribution from elec-
trons, about two orders of magnitude weaker, is clearly neg-
ligible. The fluorescence lines of lead are clearly visible at
73, 74, 84 and 85 keV1. We have changed the thicknesses of
the passive shielding materials (Pb-Sn-Cu) several times un-
til we reached the best solution for the instrument in terms
of leakage of the fluorescence lines without adding too much
weight.
In figure 6 we show the camera’s background spectrum
at the orbit of MIRAX. The cosmic diffuse radiation is the
dominant component up to ∼40 keV. The interactions of
albedo photons from the atmosphere below contribute very
strongly and becomes a very important component all the
way to 200 keV. Galactic cosmic rays (essentially protons)
are also important, albeit about one order of magnitude
weaker. It is important to mention that currently we are
optimising the X-ray camera for protoMIRAX. After the
balloon flights, we will make the necessary changes in the
configuration so as to optimise the camera for operation in
orbit. The contribution of albedo photons will certainly be
greatly reduced by a different shielding system and by space-
craft materials as well. The simulations reported here will
be of utmost importance to the final design of the camera
to operate in space.
1 http://www.kayelaby.npl.co.uk/atomic_and_nuclear_
physics/4_2/4_2_1.html
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RAX .
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4.3 Background spatial distribution over the
detector plane
A very important result of our simulations is the spatial dis-
tribution of background counts across the detector plane. In
the case of protoMIRAX , we have taken into account the fact
that the gamma-ray flux at the upper atmosphere is highly
anisotropic. In order to obtain an accurate description of
what happens at the detector level for each of the angular
components, we produced count maps for each component
(first four plots in Figure 7). In the 0◦ − 65◦ range, one can
see the effects of the collimator response: since the flux from
0◦ to 3◦ is higher than at larger angles due to the collimator
response (see Braga et al. (2015)), the shadow of the central
bar on the mask pattern dominates so that we have fewer
counts on the detectors underneath it. We have confirmed
this hypothesis by rotating the mask 90◦. For the 65◦ − 95◦
range, we see a deep nonuniform distribution due to the fact
that the detectors near the corners and edges of the detector
plane are less protected by the collimator blades and shield-
ing materials. γ-rays coming from below the instrument have
a nearly homogeneous distribution, as expected. The distri-
bution caused by primary protons shows less counts towards
the edges and corners. This is also expected, since the prob-
ability for production of secondary radiation increases with
the number of collimator blades the protons interact with.
This is less pronounced with secondary protons, since they
come from all sides. The atmospheric neutrons and electrons
produce a more uniform distribution, within statistics. If we
add all components of the background (Figure 8), we get a
very uniform distribution. This was also a consequence of
the particular configuration we have implemented for the
collimator and shielding materials, as reported by Braga
et al. (2015). The total (30–200 keV) background count rate
for protoMIRAX is estimated to be 35.5 counts s−1. It is
noteworthy that preliminary results reported by Penacchioni
et al. (2015) have provided a count rate of ∼50 counts s−1.
The improved mass model we built based on preliminary
simulation results have led to this 29% decrease in the back-
ground level.
For MIRAX , the distributions (Figure 9) show simi-
lar structures. In this case, the predominance of the diffuse
γ radiation up to 40 keV makes the total background dis-
tribution less homogeneous. The count map due to albedo
photons coming from below, which dominates above 40 keV,
is uniform within statistics. In this case the count rate is
35.3 counts s−1 in the total energy range 10 - 200 keV. The
similar result with respect to protoMIRAX is a coincidence
due to the fact that the background is lower but the en-
ergy band is wider. In the 30–200 keV range, the same band
of protoMIRAX , the total count rate for MIRAX is 22.4
counts s−1.
5 IMAGING RECONSTRUCTION
In order to study the effects of the background in the imaging
reconstruction process, we have considered the presence in
the field of view of point sources than can be observed by
protoMIRAX and MIRAX . The sources are the Crab nebula
and two well-known Galactic black holes, 1E 1740.7−2942
and GRS 1758−258, near the Galactic centre. The Crab’s
spectrum can be represented by a broken power-law model
with Γ1 = 2.105, Ebreak = 100 keV, Γ2 = 2.22 and a flux
at 1 keV of 10.2 photons cm−2 s−1 keV−1 (Jourdain et al.
2008).
As 1E 1740.7−2942 and GRS 1758−258 spend most of
their time in the Low/Hard state (Remillard & McClintock
2006), their emission in X/γ-rays can be represented as a
combination of a powerlaw and a disk emission (if neces-
sary). The model parameters for each source are shown in
Table 2. The three spectra are shown in Figure 10.
5.1 Imaging reconstruction for protoMIRAX
Since the protoMIRAX experiment will fly in the atmo-
sphere at an altitude of ∼42 km, the fluxes from the astro-
physical sources will suffer atmospheric absorption according
to:
F (E) = F0(E) e
−µ
ρ
(E) x sec(z)
(14)
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Table 2. Spectra used for simulating the emission of
1E 1740.7−2942 and GRS 1758−258. The values are compatible
with the sources in the Low/Hard state.
diskbb + cutoffpl
1E 1740.7−2942a GRS 1758−258b
diskbb Tin(keV) 0.15 0.67
cutoffpl
Γ 1.52 1.59
Ecut(keV) 87.1 136
a Castro et al. (2014).
b Pottschmidt et al. (2006).
where F0 is the flux at the top of the atmosphere, µ/ρ is the
absorption coefficient of the atmosphere2 in units of cm2
g−1, z is the zenith angle and x is the expected atmospheric
depth (2.7 g cm−2) at an altitude of ∼42 km. The zenith
angle is a function of the geographical latitude ϕ where the
balloon will fly, the right ascension α and declination δ of
the observed source, and the local sidereal time t. The zenith
angle is given by:
cos z(t) = sinϕ sin δ + cosϕ cos δ cos(t− α) (15)
In this way, it is possible to compute the number of photons
N that will hit the detector coming from a specific point
source, attenuated by the atmosphere. The number N of
photons passing through an area S, in a time interval T and
in the energy range Emin – Emax is given by:
N =
∫
S
∫ Emax
Emin
∫ T
0
F0(E) e
−µ
ρ
(E) x sec(z(t))
dt dE dS (16)
We have simulated the Crab radiation by integrating Equa-
tion 16 in the energy range 30 - 200 keV for a meridian pas-
sage of the source at a latitude of −23◦. We considered
2 http://physics.nist.gov/PhysRefData/XrayMassCoef/
ComTab/air.html
a 4-hour interval centred at the meridian crossing. The
Crab’s reconstructed image is shown in Figure 11. These
high signal-to-noise ratio (∼ 80) images of the Crab will be
used to calibrate the imaging system and demonstrate the
performance of the camera in a near-space environment.
5.2 Imaging reconstruction for MIRAX
In the case of MIRAX , we have considered the three sources
described previously, but in a space environment (no atmo-
spheric absorption). The reconstructed images are shown in
Figures 12 (for the Crab) and 13 (for 1E 1740.7−2942 and
GRS 1758−258). We can see a great improvement in the
Crab image (4 hours of integration in both cases), due to
the lower background in space and mainly due to the fact
that the Crab is observed without atmospheric absorption
by MIRAX . Nevertheless, it is noteworthy that the spatial
non-uniformity of the background across the detector plane,
mostly due to the fact that the cosmic diffuse gamma-ray
component is not evenly distributed (see first panel of Fig.
9), produces a ∼40% loss in the signal-to-noise. This was cal-
culated by comparing our Crab image with another in which
the total background is replaced by a flat count distribution
(with statistical fluctuations) of the same level. The SNR
that we obtain in the latter is 709, whereas in the Crab
image of Fig. 12 the SNR is 428.
In the GC image, we have put 1E 1740.7−2942 in the
centre of the FoV. The detected flux of GRS 1758−258 is
lowered by the collimator response. It is important to note
that the purpose of these images is to carry out a preliminary
demonstration of the imaging system for the X-ray camera
in space, based on the simulations reported here. During
the development of MIRAX, we are pursuing alternatives in
terms of detector technology that will eventually allow us
to have a detector plane with much larger area and higher
spatial resolution. This will certainly greatly improve the
performance of the camera in terms of sensitivity and angu-
lar resolution, and make it a competitive instrument capable
of achieving the project’s scientific objectives described by
Braga (2006).
6 SENSITIVITY
In Braga et al. (2015) we have shown a sensitivity curve
for protoMIRAX. Here we present an improved version of it
based on the new background spectral distribution that we
report in this work (section 4.2). In particular, the refined
mass model for the experiment, including different thick-
nesses for shielding materials, allowed us to decrease signif-
icantly the overall background and the intensity of the lead
fluorescence lines. This has lowered the minimum observable
flux, especially from 70 to 90 keV, improving the sensitivity.
In this work we have also produced a sensitivity curve for the
space version of the camera (MIRAX mission). The sensitiv-
ity values are calculated as the minimum detectable fluxes
(at a given statistical significance) for energy bins centred
at each energy E:
Fmin =
2Nσ
(E)
√
B(E)
Adet T ∆E
photons cm−2s−1keV−1, (17)
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where Nσ is the statistical significance in σ units (or signal-
to-noise ratio, in this case), (E) is the detector efficiency
at energy E (see Braga et al. (2015)), B(E) is the back-
ground level in counts cm−2 s−1 keV−1 at energy E, Adet is
the geometrical area of the detector plane in cm2, T is the
integration time in seconds, and ∆E is the energy band in
keV. The factor 2 in the above expression appears due to
the fact that, for a coded aperture telescope with an open
mask fraction of 0.5, Aeff = Adet/2, where  is the detector
efficiency.
The sensitivity plots are shown in Figure 14.
7 DISCUSSION
The simulations shown in this paper have provided very im-
portant informations and constraints for the optimal design
of the hard X-ray camera we are planning to use as part
of the MIRAX space program at INPE. The configuration
we are currently developing, with a collimator and a coded
mask, has shown to yield interesting results essentially due
to two important reasons: (a) by using a collimator, we can
make the full FoV of the instrument to be coded by the mask,
avoiding the well-known undesirable effects of the ubiquitous
partially coded fields of views in coded aperture imaging;
and (b) the mounting of the camera become simpler and
lighter since we avoid having to include large shielding flat
panels on the sides of camera, joining the detector plane with
the mask; a simple slim structure made of a light material
can support the mask. In our case, the weight of the collima-
tor is about half the weight of the shielding panels we would
have to build for providing roughly the same shielding effec-
tiveness. If we build cameras with larger distances between
masks and detector to achieve better angular resolution, this
becomes increasingly more important. However, the use of
a collimator also brings undesirable properties since the in-
strument’s sensitivity will decrease towards the edges of the
FoV according to the collimator response. In our case, the
angular FWHM response provided by the collimator is 14◦
and imaging beyond that will be severely limited. Another
problem is that the collimator produces a distribution of
counts in the detector plane that is spatially non-uniform
and depend on the incident directions of the components
that are responsible for the detector background. We have
shown here that this is effect is more significant when the
camera is placed in the low orbit environment due to the
intense cosmic X-ray diffuse radiation (CDR).
The optimum design of a coded aperture imager will
depend on the scientific objectives of the experiment. If a
survey instrument is preferred, the use of collimators will
probably not be the best option due to the limitations on
the sensitivity over the FoV. If, on the other hand, the ob-
jective is to obtain sharp images of selected fields with no
interference from adjacent fields with bright sources, a col-
limator could be the best option.
The simulations presented here have shown that, on
hard X-ray balloon experiments, the background induced by
neutrons is very important below 50 keV. Above this energy,
the background produced by gamma rays and protons are
equally important, and electrons make up a negligible con-
tribution. At LEO, the CDR is by far the most important
contribution to the background up to ∼40 keV. Above that,
the contribution form albedo radiation becomes dominant.
The analysis of these relative contributions is very impor-
tant to the design of shielding structures and materials for
X-ray experiments.
8 CONCLUSIONS
The design and development of space astronomy X- and γ-
ray experiments require a reliable estimation of the back-
ground levels against which the sources of interest will be
observed. Particularly, in coded aperture experiments a large
detector area is fundamental for achieving competitive sen-
sitivities. In those cases the backgrounds are usually very
intense and show inhomogeneities across the detector plane
due to geometrical factors.
In this paper we show detailed Monte Carlo simulations
of the background and imaging observations of a hard X-ray
imaging camera that is being developed in the scope of the
MIRAX space mission. This instrument is a prototype that
is going to be tested in stratospheric balloon flights. The
MIRAX mission will play a very important role in the study
of hard X-ray sources and transient phenomena, since it will
constantly monitor a large area around the central Galactic
plane region.
We present separate spectra and count distribution
across the detector plane for each relevant radiation field
impinging in the instrument and discuss their contribution.
We also take into account the angular distribution of the
different incident photons and particles. We provide detailed
background characteristics and levels for two different envi-
ronments in which the camera is supposed to operate: strato-
spheric balloon altitudes and near-equatorial low-Earth or-
bit.
The simulations reported here allowed us to define with
high accuracy the best configuration for the shielding struc-
ture and coded mask materials of the instrument. In order
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Figure 11. Crab simulated image as observed by protoMIRAX during 4 hours around a meridian passage at a latitude of −23◦. Left:
count map over the detector plane, including background. Right: reconstructed image in units of σ.
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Figure 12. Imaging reconstruction of Crab as observed by MIRAX . Left panel: distribution of counts over the detection plane considering
both source and background. Right panel: reconstructed image for the Crab during a 4-h observation.
to minimize the intense lead fluorescence lines in the range
of ∼70-80 keV that we have seen in the initial simulations,
we were able to obtain an optimised configuration of ma-
terials for both the shielding and the mask. Also, the ini-
tial concentration of counts towards the edges and corners
of the detector plane was completely overcome by a differ-
ent geometry of both the external collimator blades and the
placement of side shielding materials. The simulations have
provided us with the precise count rates expected when we
operate the instrument at balloon altitudes and LEO, and
enabled the calculation of detailed sensitivities as a function
of energy.
To the best of our knowledge, this is the first time a
detailed description of GEANT4 simulations for space as-
tronomy instruments is reported. We hope that this will be
of great value for researchers and instrument developers in
this field.
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Figure 13. GC reconstructed image with 1E 1740.7−2942 (in
the centre) and GRS 1758−258 in the field, for an observation of
8 hours.
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Figure 14. Left Panel: On-axis sensitivity curve for protoMIRAX for an integration of 8 hours at an atmospheric depth of 2.7 g
cm−2 and a latitude of −23◦ over Brazil. Right Panel: On-axis sensitivity curve for MIRAX for three different integration times at
near-equatorial LEO. In both cases, the horizontal bars represent the minimum detectable flux at a statistical significance of 3σ.
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